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Abstract 
Effects of reaction temperature, moisture content, and preheated air temperature on biomass gasification performance 
such as syngas composition, cold gas and 2nd law efficiencies, and caloric value, were studied based on a 
thermodynamic equilibrium model. The results indicated that the contents of the combustible species (H2, CO, and 
CH4) in the product syngas control the gasification performance. Less amounts of combustible species were resulted 
for the conditions of high reaction temperature, high moisture content, and low preheated air temperature. Using H2
content as a reference, there appears an optimum reaction temperature. With biomass moisture content exceeding a 
certain amount, reduction in combustible species was found. Although the gasification performance can be enhanced 
by using preheated air, the degree of improvement is not significant even for air with high temperature. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Gasification converts biomass through partial oxidation into a gaseous mixture, small quantities of char 
and condensable compounds. It is considered to be one of the most efficient ways of converting the 
energy embedded in biomass, and it is also becoming one of the best alternatives for the reuse of waste 
solids. The product of gasification is called the syngas in which CO and H2 are the main gaseous species.  
Biomass gasification involves complicated chemical reactions that transforming the feedstock into an 
intermediate chemical species followed by a transformation of that intermediate into a final product. In the 
past, many studies have focused on gasifier modeling in order to have better understanding on the 
gasification process. In terms of spatial dimensions, these models can be divided into 0-D, 1-D, 2-D, and 
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3-D models [1-4]. The 0-D model is also referred as the thermodynamic equilibrium model since it is 
space-independent and chemical reactions were under equilibrium conditions. Although the 0-D model 
may not be adequate to describe the actual gasification process, it is imperative due to its ability to predict 
the maximum possible gasification performance. It also serves as an important tool in the optimization of 
the operating conditions and preliminary techno-economic analysis of the gasification process. 
For most of the gasification studies using air as gasifying agent, air is assumed to be at environmental 
temperature. In this study, we consider the gasification performance using the preheated air as the 
gasifying agent for the biomass gasification. That is the air is preheated by waste heat before it enters the 
gasifier. In addition, the effects of reaction temperature and biomass moisture content on the gasification 
performance are also examined in this study. A thermodynamic equilibrium model is built to carry out the 
first and second-law analyses for the gasification  process. 
2. Theoretical model 
   The gasification process considered in this paper is schematically shown in Fig. 1. Biomass enters the 
gasifier at environmental temperature T0. The temperature of the gasifying agent air has a temperature of 
Ta. The gaseous products leave the gasifier at the reactor temperature T. To simplify the analysis, the 
following assumptions are made: 
(1). The chemical formula of the biomass is assumed as CHaObNc without considering the sulfur.  
(2). The gasifier operates as an adiabatic reactor at atmospheric pressure P0.  
(3). Carbon is completely converted to CO, CO2, and ash. The product gas is a mixture of H2O, N2, H2, 
CO, CO2, and CH4. All the gases follow the ideal gas law. 
(4). The gasifier is operated at the thermodynamic equilibrium state. That is, the residence time of 
reactants is sufficiently long so that the reactions in the gasifier are in chemical equilibrium. 
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Based on the above assumptions, global biomass gasification using air as gasification agent can be written 
as, 
24222222 )76.32()76.3( 4222 Nm
cCHnOHnCOnCOnHnNOmOwHNOCH CHOHCOCOHcba ++++++→+++         (1) 
where a, b, and c are the number of atoms of hydrogen, oxygen, and nitrogen per number of atom of 
carbon in the biomass, respectively. The biomass can be assumed to be composed of the dry biomass 
portion and its moisture content. The amount of moisture per kmole of biomass w appeared in Eq. (1) can 
be calculated as,  
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where BM  and OHM 2 are the molecular weights of biomass and H2O, respectively. MC  is called the 
moisture content which is the ratio of mass of water  to the mass of wet biomass. The quantity m appeared 
in Eq. (1) is the amount of air used in the gasification. For a given reaction temperature, m is one of the 
unknowns that results in the prescribed reaction temperature. For the biomass considered, theoretical air 
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that converts all carbon and hydrogen into CO2 and H2O is (1+0.25a-0.5b). The equivalence ratio can then 
be defined as, 
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The amount of ni in the product depends on the reaction temperature which is controlled by the amount 
air represented by the value of m. In summary, there are six unknowns to be solved for a given reaction 
temperature. Six independent relations between these unknown are needed. These relations can be found 
from the overall mass balance, equilibrium constants, and the energy balance [1]. Three relations can be 
obtained from the mass balances of carbon, oxygen, and hydrogen. Under the assumption that all carbons 
are completely converted, the main independent chemical reactions in gasification are methane formation 
and water-gas shift reactions. Species composition can be related to the equilibrium constants of these 
two reactions [5]. Finally, the requirement of energy balance for the gasification provided another relation 
between the species composition. For a given reaction temperature, a nonlinear equation set is formed and 
solution can be solved by root-searching technique such as the Newton-Raphson method [6]. 
3. Gasification performance    
   Biomass gasification performance can be characterized by using several indexes. In this study, we use 
the cold gas efficiency (CGE) and second-law efficiency to characterize the gasification performance. 
Based on per 1 kmole of biomass, these efficiencies can be defined as [7],  
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In Eq. (4), the numerator is sum of heating values contributed by H2, CO and CH4. The HHV of H2, CO 
and CH4 can be found in the classical thermodynamic textbook [8]. In Eq. (5), E denotes the exergy. For 
the biomass, the chemical exergy is given as, 
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In Eq. (6), the exergies with superscripts ch and ph denote the chemical and physical exergies, 
respectively. The chemical exergy is defined as the maximum theoretical work that can be developed for 
a fuel to react with oxygen at environmental state. The physical exergy is due to the change in sensible 
heat and is also known as the thermomechanical exergy. For biomass, physical exergy is usually ignored 
and the chemical exergy can be represented as [9], 
B
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ȕ is a factor related to the organic fraction of biomass given as [9]. BLHV  is the lower heating value of 
biomass given in [9]. Similar to the biomass, the exergies for the species involved in gasification can be 
expressed as,  
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Where h  and s are the enthalpy and entropy, respectively. The standard chemical exergy for species 
involved in computing 2nd law efficiency can be found in the classical textbook [8].   
4. Results and discussion  
   The experimental data reported in the studies of Zanail et al. [10, 11] was used to verify the model 
established in this study. According to Zanail et al. [10, 11], the ultimate analysis of wood has the values 
of C=50%, H=6%, O=44%, and N=0%. For the MC=20% and T=800°C, comparison of experimental 
data of syngas composition and predicted result from the present model are tabulated in Table 1. As 
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shown in Table 1, the model using the equilibrium constants without any modification, termed as the 
original model, over-predicts H2 concentration and under-predicts CH4 concentration. The reasons for 
these discrepancies may be due to the assumptions such as completely equilibrium, no residue appearance, 
and absence of tar. To improve the accuracy of the model, the equilibrium constants were modified. As 
suggested by Jarungthammachote and Dutta [12], equilibrium constants for methane formation and water-
gas shift reactions were multiplied by 11.28 and 0.91, respectively. The result of syngas composition 
using the modified equilibrium constants are also listed in Table 1 and denoted as the modified model. It 
is seen that the H2 concentration is reduced while the CH4 concentration is increased to values close to the 
experimental data.  
Table 1 Comparison between the model prediction and experimental data of the syngas composition. MC=20%, T=800°C. 
 Present model (original)  Present model (modified) Experiment[10,11] 
H2 (%) 19.24 17.91 15.23 
CO (%) 18.20 18.16 23.04 
CO2 (%) 10.89 11.15 16.24 
CH4 (%) 0.57 1.64 1.58 
N2 (%) 40.23 39.72 42.31 
Caloric value (MJ/m3) 4.57 4.81 4.85 
    
Using the modified equilibrium constants, gasification performance as function of reaction temperature is 
shown in Fig. 2 for MC=20% and Ta=25°C. As temperature increases, combustion becomes more 
complete. This results in reducing combustible species (H2, CO, and CH4) amounts and increasing H2O 
and CO2 amounts as shown in Fig. 2(a). From Fig. 2(a), there appears an optimum temperature at which 
H2 has a maximum value. This agrees with the experimental data reported by Li et al. [13]. Fig. 2(b) is the 
equivalence ratio ER corresponding to reaction temperature in Fig. 2(a). For T in the range of 
600~1200°C, ER ranges from 0.16 to 0.49 which agrees with the results reported by [11]. In Fig. 2(c), 
CGE and 2nd law efficiency of the gasification are shown. Both efficiencies decrease with the increase in 
reaction temperature. For higher temperature, CGE decreases because of reductions in combustible 
species amounts. Based on thermodynamics, more irreversibility is generated as the system temperature 
increases. The 2nd law efficiency decreases with the increase in reaction temperature. Because of the 
reductions in combustible species as reaction temperature increases, caloric value of the syngas is reduced 
as shown in Fig. 2(d). 
    
  
    
Fig. 2 Effect of gasification temperature on 
gasification performance. MC=20%, Ta=25°C. 
(a) syngas composition, (b) equivalence ratio, 
(c) efficiency, and (d) caloric value.  
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   In Fig. 3, effect of biomass moisture content on the gasification performance is presented for fixed 
T=800°C and Ta=25°C. From Fig. 3(a), it is seen that H2 amount is almost unaffected until the MC 
exceeds 30%. For MC higher than 30%, H2 content dropped. The CO amount is found to decrease with 
the increase of MC. Similar to H2 but with much lower amount, CH4 is found to keep unchanged when 
MC is low and drops when MC exceeds 30%. Based on the result shown in Fig. 35(a), it can be 
concluded that gasification performance is poor when MC is high. For the MC range studied, ER varied 
from 0.28 to 0.42. That is, higher amount of air is required to maintain the temperature at 800°C when 
MC is higher. In Fig. 3(c), both CGE and  Ș2nd decrease with the increase in MC because of the reductions 
in the amounts of H2, CO, and CH4. Accordingly, the caloric value also decreases with the increase in MC 
as shown in Fig. 2(d). 
    
Fig. 3 Effect of biomass moisture content on 
gasification performance. T=800°C, Ta=25°C. 
(a) syngas composition, (b) equivalence ratio, 
(c), efficiency, and (d) Caloric value.  
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Fig. 4 Effect of preheated air temperature on 
gasification performance. T=900°C, MC=20%. 
(a) syngas composition, (b) equivalence ratio, 
(c) efficiency, and (d) caloric value.  
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   The air used as the gasifying agent can be preheated if the waste heat is available. In Fig. 4, effect of the 
temperature of preheated air Ta on gasification performance is shown. With the increase in Ta, it is seen 
that both H2 and CO increase slightly as shown in Fig. 4(a). The CH4 amount is also seen to increase with 
Ta but with relatively small value as compared with H2 and CO. With higher Ta, Fig. 4(b) shows that less 
air is required as Ta is increased. Due to the increases in H2, CO, and CH4 contents, it is seen that both 
CGE and Ș2nd also increase with the increased Ta as shown in Fig. 4(c). The caloric value is also 
dependent on the amount of combustible species and is found to increase with the increase in Ta.  
5. Conclusion 
   Based on the results obtained from this study, the following conclusions can be made: (1) The contents 
of the combustible species in the product were reduced as the gasification temperature increases. This 
implies that the chemical reaction approaches to the combustion. (2) Significant reduction in combustible 
species was found when the biomass moisture exceeds a certain amount (approximately 25% in this 
study). This leads to lower gasification performance. (3) Although the gasification performance can be 
enhanced by using the preheated air as the gasification agent, it was found that the degree of enhancement 
was not significant even very high preheated air temperature was used.  
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